Abstract Many studies have shown associations between air pollution and asthma admissions in Korea, but have not reported whether these effects differ by age classification. The purpose of this study was to determine whether air pollution effects on asthmatic hospital admissions are different by three age groups (years): children (less than 15), adults (15-64; reference group), and the elderly (over 65). Daily time-series data from seven metropolitan cities in South Korea were analyzed in two stages. In the first stage, relative asthma morbidity rates associated with air pollution were estimated for each city and age group, using semiparametric log-linear regression. In the second stage, estimates from all seven cities were combined by age group using Bayesian hierarchical modeling. The effects of exposure to particulate matter <10 μm in aerodynamic diameter (PM 10 ), carbon monoxide (CO), and nitrogen dioxide (NO 2 ) varied significantly by age groups. Using adults as the referent, the relative rate (RR) of asthma admissions with 10 μg/m 3 increase of PM10 is 1.5 % (95 % CI 0.1-2.8 %) lower for children and 1.3 % (95 % CI 0.7-1.9 %) higher for the elderly; RR with 1 ppm increase of CO is 1.9 % (95 % CI 0.3-3.8 %) lower for children; RR with 1 ppb increase of NO 2 (1 ppb) is 0.5 % (95 % CI 0.3-0.7 %) higher for the elderly. No significant age group difference in relative rate was found for ozone or sulfur dioxide.
Introduction
Numerous studies reported relationships between air pollution and mortality or morbidity over many decades. Especially, air pollution has been considered as a possible contributor to the prevalence of asthma (Baibergenova et al. 2005; Berktas and Bircan 2003; Dab et al. 1996; Galan et al. 2003; Halonen et al. 2008; Ho et al. 2007 ). Air Pollution and Health European Approach (APHEA) conducted pivotal studies about effects of air pollution on health in ten European countries, finding evidence of adverse air pollution effects on respiratory diseases including asthma in urban areas using an epidemiologic time-series approach (Katsouyanni et al. 1995 (Katsouyanni et al. , 1997 Vigotti 1999 ). One of the largest studies in the USA, The National Morbidity, Mortality, and Air Pollution Study (NMMAPS) reported the morbidity of asthma associated with air pollution . Also, in Korea, several studies on acute asthma caused by air pollution have been conducted in order to address the high mortality rate (Ho et al. 2007 ; Kim et al. 2006 Kim et al. , 2007a , since mortality from respiratory diseases, including asthma, increased 100 % in the decade from 1992 to 2002 (Cho et al. 2006) . Asthma is separately diagnosed by age, usually two groups, age <15 year as child-onset and age >15 as adultonset asthma. Hence, asthma researches associated with air pollution have been investigated separately by age group, mostly focused on childhood asthma (Dockery et al. 1989; Gergen et al. 1988; Kim et al. 2005; Lee et al. 2002 Lee et al. , 2006 Lin et al. 2002; Mortimer et al. 2002; Norris et al. 1999; Schildcrout et al. 2006; Son et al. 2006) .
However, no study has been conducted in Korea to assess differences of the air pollutant effect on asthma prevalence by age group and whether these are significant differences. Therefore, it is necessary to evaluate whether air pollution effects associated with acute asthma prevalence differ according to age classification.
We tested the null hypothesis that air pollution effects are statistically different on three age groups: (1) ages less than 15 years (childhood asthma), (2) ages 15-64 years, and (3) ages over 65 (elderly) with the two-stage model. In the first stage, we used time-series analysis based on Poisson regression to estimate age-specific effects for each city (Dominici et al. 2002; Peng et al. 2006; Schwartz et al. 1996) . And, Bayesian hierarchical modeling was used in the second state to combine the estimates across seven cities by age group in Korea .
Materials and methods

Hospital administration data
The Korean National Health Insurance Corporation registered asthma-related hospital admissions data between June 1, 1999, and December 31, 2003 . The data have emergency room visits including night time or holiday visits prompted by asthma (classified as "J45" and "J46," by ICD-10). Two or more visits by the same person in the same day were counted as one episode. Daily counts for asthma were aggregated in each of the seven metropolitan cities (Fig. 1) for the three age groups between June 1999 and December 2003.
Meteorological data
Hourly data on temperature (in degree Celsius), humidity (in percent), sea level atmospheric pressure (in hectopascal), and wind speed (in meter per second), and 3-h dew point temperature (in Celsius) data were obtained from the Korea Meteorological Offices in the seven cities. Three-hour atmospheric Pasquill stability classifications were obtained from the US National Oceanic and Atmospheric Administration. Atmospheric stability was designated on a scale of A (extremely unstable) to G (extremely stable), and data on this variable were also obtained from each city's observatory. This variable was dichotomized by substituting a value of zero for A-C status levels, and 1 for D-G status levels (Kwon et al. 2006 ).
Environmental monitoring data
Hourly air pollutant monitoring data were collected at each of the following monitoring stations (the following numbers in parentheses represent the number of monitoring stations in each city): Seoul (27), Busan (9), Incheon (10), Daegu (6), Gwangju (4), Daejeon (3), and Ulsan (11). Reported air quality concentration data were collected for PM 10 (in microgram per cubic meter), CO (in part per million), O 3 (in part per billion), NO 2 (in part per billion), and SO 2 (in part per billion). Five percent trimmed daily averages were taken from hourly measured air pollutant concentrations for each monitoring station (i.e., an average after trimming 5 % of the data points from the top and bottom of the distributions). The average concentration was then calculated for each city using the daily averaged concentrations from each monitoring station within the city.
First stage analysis
Data were analyzed in two stages. The first stage was involved in estimating air pollution effect by age group for each city by using a log-linear generalized additive model based on Poisson regression with smoothing splines. This method is commonly used in time-series studies related to mortality or hospital counts (Schwartz 1994 ) such as NMMAPS data (Dominici et al. 2002) . The "mgcv" package was used for estimating parameters in the first stage by generalized cross validation or unbiased risk estimation (Wood 2009) , which is different from others in model fitting and variance estimation. In this paper, long-term seasonality, day of week effect, and meteorological data were considered as potential confounders. The day of week effect was included due to the properties of hospital admission data. In the previous studies, temperature, dew point temperature, average temperature, and average dew point temperature for the three previous days had been considered as major confounders of evaluating air pollution effect on asthma admissions Samet et al. 2000) . Hence, these six variables were always included as confounders in models, setting as a baseline model. In Fig. 1 Map of seven metropolitan cities in South Korea addition to the baseline model, other meteorological variables which are humidity, sea level atmospheric pressure, wind speed, and atmospheric Pasquill stability were also added only if each factor showed significant contribution to the model by backwards variable selection with 5 % significance level (Wood 2009 where separate smoothing functions of time for age group is the age-specific seasonality smoothing function with 4 degrees of freedom per year. The S c (x, λ) is smoothing function with variable x and smoothing parameter λ. The natural splines model was applied for smoothing functions in this paper. The smoothing parameter for long-term seasonality was 8/year in terms of best fit in the data after checking through 16 parameters/year for seasonality. A smoothing parameter for other meteorological confounders except the baselines was selected by minimizing GVC. In addition to daily mean on the same day as asthma admissions, the average mean from the previous 3 days for each meteorological variable was also considered. For air pollution, the largest log-relative rates (RR)s were selected from the last 6 days after rates were estimated for each day separately. To specify this approach, let Y c at and μ c at be daily sum and expected sum per 10,000 asthma admissions for each age group a (1=age<15, 2=15≤age<65, . This was applied to all five air pollutants in this paper. For this study, WinBUGS, software for Bayesian analysis using Markov Chain Monte Carlo, was used to estimate combined additional changes of log-relative rates for two age groups (age<15, age ≥ 65) comparing to the log-relative rate for adults (ages 15-64), with very large variance implicating no prior information given for posterior estimation. Results Table 1 shows population size, hospital admission numbers for asthma, and asthma admission rates (per 10,000: adjusted by population size) for each city by age group. Admission rates for adults were much less than for the other age groups, and the elderly tended to have the highest rates among the three. Time-series plots for daily asthma admission rates are presented for each city by age group in Fig. 2 . The dots are actual asthma admission rates, and the curves in the plot were fitted by generalized linear model using natural splines function with 8/year as smoothing parameter. The same format was also applied to Fig. 3 . The graphs showed three peaks of admission rates in 1999, 2000, and 2002 . Usually, asthma admission rates tended to increase in the fall and winter. However, the peak time and pattern are not identical in age groups. In children, the first peak occurred around November 1999, whereas it occurred between the end of December 1999 and January 2000 for adults and elderly people. The adults and elderly groups did not have a second peak. The third peak occurred at the same time period in all age groups. Children's admission rates showed a lot more variability than other age groups.
Statistical summaries of each of the five air pollutant concentrations for each city are shown in Table 2 . The capital of South Korea, Seoul, had the highest average concentrations of PM 10 and NO 2 , but the lowest levels of ozone. Figure 3 shows the time-series plot for daily averages of air pollution concentrations for each city. PM 10 tended to increase in spring for all seven cities. Daejeon showed a much higher level of CO than any other city between 1999 and 2001. CO showed a huge drop in Gwangju around February 2003. CO also had a pattern of increasing in winter and decreasing in summer. O 3 had a reverse pattern which had two peaks per year; one was around June and another one was in September from 2001 to 2003. NO 2 and SO 2 did not show any particular seasonality, but tended to be higher during the winter and show a minimum around September. Table 3 shows estimated changes of log-relative rates, its standard errors, relative rates, and its 95 % confidence intervals on asthmatic hospital admission rates (per 10,000) across seven cities in South Korea associated with one unit change of air pollution for each age group. RRs of asthma admission rates (per 10,000) with 10 μg/m 3 increase of PM 10 significantly increased 0.8 % (95 % CI 0.2-0.16 %) for adults (15-64 years) and 2.1 % (95 % CI 1.3-2.9 %) for the elderly (≥65 years). RRs with 1 ppm increase of CO also significantly increased 1.9 % (95 % CI 0.5-3.3 %) for adults and 2.2 % (95 % CI 1.2-3.3 %) for the elderly. And RRs with 1 ppb increase of NO 2 and SO 2 increased 0.6 % (95 % CI 0.2-0.9 %) and 1.9 % (95 % CI 0.7-3.2 %) for the elderly. Table 4 shows estimated additional changes of logrelative rates, its standard errors, relative rates and its 95 % confidence intervals on asthmatic hospital admission rates (per 10,000) across all seven cities associated with one unit change of air pollution regarding adults (15-64 years) as a reference group. The estimates in Table 4 are additional changes of log-RRs of each pollutant for children (<15 years) and the elderly (≥ 65 years), referring to logRRs for adults (ages 15-64). RRs with 10 μg/m 3 increase of PM 10 significantly differ by age group; RR for children is 0.15 % lower and RR for the elderly is 0.13 % higher than RR for adults. It shows significantly lower RR (1.9 %) with CO for children and higher RR (0.5 %) with NO 2 for the elderly comparing to RR for adults. Based on the hypothesis test, we concluded that air pollution effects for three air pollutants (PM 10 , CO, NO 2 ) on asthma hospitalization rates are significantly different in at least two of three groups. There appeared to be no significant difference among age groups for O 3 and SO 2 .
Discussion
The study was to investigate whether air pollution effects on acute asthma differ by age classification. In Table 3 , estimated changes of log-relative rates and confidence intervals across seven cities have been shown for three age groups, and none of the pollutants have shown a protective effect. Nonetheless, Table 4 shows significantly negative effects in PM 10 and CO for children since these are additional changes compared to the effects for adults which mean that childhood asthma was less sensitively affected by these two pollutants than adult-onset asthma. In the same manner, positive additional changes of log-relative rates in PM 10 and NO 2 for elderly persons mean that the elderly was at significantly higher risk than adults on these two pollutants.
Based on the results, we concluded that the effects of PM 10 , CO, and NO 2 significantly differ by age group, and the elderly was the most vulnerable group to the effect of PM 10 and NO 2 . In light of previous research which reported a significant association between air pollutants and childhood asthma hospitalizations in Seoul, Korea (Lee et al. 2002) , the elderly might be at even higher risk, although it is not comparable in direct since it had different study periods. Based on the results of this study, elderly persons were affected by PM 10 and NO 2 significantly more than children or adults. On the other hand, other studies found no age difference of associations between air pollution and asthma or pulmonary diseases as follows. In the APHEA 2 report in 2001 (Atkinson et al. 2001) , investigators estimated PM 10 /total suspended particulate (TSP) effects on asthmatic hospital admission for eight cities separately for each age group (0-14 years, 15-64 years, 65+years). They combined city-specific effects by age group counting on heterogeneity across the cities. And, these combined estimates for each age group were close to each other and did not show the difference among age groups in PM 10 /TSP. This is a different conclusion from our finding in this paper. There can be many reasons for this discrepancy; two possibilities are specified as follows. One is the different measurement on particles. Of eight cities, two cities (Milan, Rome) recorded median daily TSP levels and one city (Paris) measured PM 13 . In contrast, we measured PM 10 for all seven cities. Even though the correlations among PM 10 , PM 13 , and TSP are relatively high, this may contribute some of the discrepancy since the results were combined across cities. Another possibility is different population for the elderly. The APHEA 2 report in 2001 included population in hospital admissions for COPD in addition to asthma, yet we included only asthma admissions due to limited access to information. Since it is difficult to distinguish between COPD and asthma in the elderly population due to other factors such as smoking (Bellia et al. 2003; Tinkelman et al. 2006) , a different population setting may provoke substantial differences in conclusion. This may be an important limitation of this study. Nonetheless, the use of hospital admission and discharge data has been found to be more reliable and less prone to misclassification when differentiating COPD and asthma in elderly persons as compared to selfreported data since the asthma data used are hospital admission discharge data (Radeos et al. 2009 ). We also recognize that exploring better ways to avoid this misclassification is needed. However, for children (<15 years), the results in Table 3 showed consistency with previous researches that there is no significant increase of relative rates on childhood asthma admissions associated with air pollutant levels (Anderson et al. 2010 (Anderson et al. , 2012 . For hypothesis testing, we combined seven estimates from each city by using a Bayesian approach assuming homogeneity across seven cities since these seven cities are designated as metropolitan areas in Korea based on criteria such as population size. However, possible heterogeneity, caused by different locations or contributors of the air pollution effects on asthma hospital admissions, may be an important limitation of the study. For example, socioeconomic status , one of the important factors in childhood asthma, could be different in the populations of these cities. Polluting sources could be also different among seven cities, for example, the largest auto-making industry in Ulsan.
We considered only meteorological factors, which have been shown to be associated with respiratory diseases (Abe et al. 2009; Dominici et al. 2006; Gosai et al. 2009; Wong et al. 1987) , as confounders in this paper. However, other than meteorological factors, childhood asthma may be more influenced by some other factors such as genetic predisposition which needs to be considered in further research. Multiple pollutant models also can be considered in further studies since some air pollutants are related to each other. Bias may be addressed in this study due to the characteristics of hospital admission data which counted only emergency room visit patients who may not represent all asthmatic patients. We suggest further study considering possible limitations we address here in addition to our major suggestion based on the study results which is to be aware of different air pollution effects by age classification and to pay more attention to asthma in the elderly differing from childhood asthma.
